Introduction
Lipid vesicles or liposomes are spherical structures consisting of a lipid bilayer membrane separating an internal aqueous compartment from the exterior aqueous environment (Fig. 1) . They are formed spontaneously when certain amphiphilic lipids (such as lecithins) are suspended in water. They are commonly used as models of biological cell membranes, as the core of the latter is also a lipid bilayer. Studies on cell morphology and on the general properties of cell membranes can be performed using liposomes, which can be prepared in such a way as to mimic the composition of biological membranes. Membrane proteins can be included into the liposomal membrane, and their function be studied under well controlled conditions. Liposomes are also useful as drug delivery systems, as they may contain therapeutic agents either in their aqueous interior or embedded in the lipophilic membrane. Examples of these and other applications of liposomes have been reviewed previously [1] [2] [3] [4] [5] [6] .
In spite of the great interest in liposomes from both the industrial and scientific points of view, several of their properties are still not completely understood and are a constant matter of debate among researchers. For example, it is well known that the inclusion of cholesterol in phospholipid membranes condenses the lipid packing, increases the stability of the liposome and, at the same time, maintains the membrane fluid even if the temperature drops below the main phase transition.
However, there is still no consensus on the mechanisms that lead to the tighter packing of the lipids and the aforementioned effects [7] . The interaction of liposomes with hydrophilic and hydrophobic substrates is also a matter of current discussion. On the former, some researchers claim that single liposomes can attach and rupture on the surface of the substrate, forming a supported lipid bilayer (SLB) if the substrate is smooth enough [8, 9] . Other researchers, however, have found that intact liposomes first accumulate on the surface and just rupture after a critical surface concentration has been achieved [10, 11] . Mixed cases have also been reported, with some liposomes from a sample rupturing and spreading instantly while others accumulate first on the surface [12] . In other words, a general consensus is still lacking. The situation is even more complex when referring to the adhesion, rupture and spreading of liposomes on hydrophobic substrates, where the formation of supported lipid bilayers [13] [14] [15] , supported lipid monolayers [16] [17] [18] , and immobilized liposome layers [10, 19] has been reported. The level of hydrophobicity and smoothness of the surface being studied have been proposed as possible reasons behind these discrepancies [13] . The actual mechanism by which the liposomes rupture on the hydrophobic substrate is also a matter of discussion, although convincing models have been recently proposed [20] [21] [22] . Why liposomes in suspension adhere at all to hydrophobic substrates given that their surface is mainly hydrophilic is another subject of speculation. A convincing explanation, as unlikely as it may seem at first sight, was first inspired by the kinetic model for non-stationary metal electronucleation at active sites on electrodes described by Milchev [23] . This mini-review will focus on this approach, represented by the "liposome nucleation model". This model has served to explain some observable properties of liposomes and liposome suspensions, resulting in a whole new approach in liposome research.
The first part of the review briefly describes the electrochemical experiments that provided with the observations that first suggested the analogy between liposome adhesion and metal nucleation. Secondly, the model itself and how it served to explain the adhesion of liposomes on mercury electrodes is presented. Finally, the use of the model to explain observed properties of liposomes in suspension and to account for discrepancies in the literature is discussed.
The adhesion-spreading of liposomes on mercury electrodes
As has been reported previously [16, 17, 21] , the adhesion, rupture and spreading of multilamellar and giant unilamellar vesicles (MLVs and GUVs, respectively) on mercury electrodes can be characterized with chronoamperometric measurements. As liposomes rupture and spread on mercury electrodes forming a supported lipid monolayer [18] , the rupture of single liposomes produces adsorbed lecithin islands on the mercury surface. The surface charge density and capacitance on these islands is different than that of the bare mercury surface.
Therefore, the formation of the individual islands is coupled with the flow of capacitive currents, which are recorded as spikes in chronoamperometric measurements [16, 17] as shown in Fig. 2a . Individual adhesion and spreading events can therefore be identified (shown in Fig. 2b) . Furthermore, the mathematical analysis of the charge transients obtained after integration of a single spike allows determining the "micro-kinetics" of the adhesion-spreading process, i.e. the kinetics of the adhesion and spreading of a single liposome. In turn, the determined quantitative micro-kinetic parameters (time constants and activation energies) are related to the membrane fluidity, elasticity and resistance to rupture, as has been shown in several publications [17, 21, 24] . Furthermore, by counting the number of adhesion-spreading events occuring on a certain time period, one can get information concerning the "macro-kinetics" which is related to the interaction of the liposome suspension and the mercury surface as a whole.
This interaction is also related to the properties of the lipid membrane. Analysis of macro-kinetic data (number of adhesion spreading events over time per surface area and how it changes with temperature) has been proven useful to perform qualitative studies of real cell membranes, such as thrombocytes and mitochondria, as well as to study the effect of foreign molecules and the liposome composition on the membrane properties [25] [26] [27] [28] . what would be expected both from a pure diffusion- (Fig. 3) and from a pure kinetically-controlled process, suggesting a mixed control of the overall reaction.
Furthermore, temperature dependence experiments showed that increasing the temperature decreased the number of recorded adhesion-spreading events during a certain time, suggesting that a reversible reaction should be involved. The first proposed solution was that the kinetics of adsorption played a role in determining the rate of the overall reaction [17] . However, it was shown that decreasing the surface charge density on the mercury decreased the rate at which events took place (even when correcting for the loss of sensitivity expected) [29] , an effect contrary to what would be expected fron an adsorption-controlled process.
The "nucleation model": Latent active sites in liposomes
The solution to this problem was first elucidated in collaboration with Milchev [29] and was based in the following assumptions: i) liposomes initially have no affinity for the hydrophobic mercury surface. ii) when the liposomes are close to the mercury they can be reversibly "activated", gaining affinity for the surface and iii) only these active liposomes will undergo adhesion-spreading and produce a signal. In other words, the kinetic part of the overall adhesion-spreading reaction is given by:
where L i is an inactive liposome, L a is an active liposome and N is a liposome attached to the surface (a nucleus), which will fastly rupture and spread on the surface, k a and k b represent, respectively, the rate constants of formation and consumption of active sites in the lipid membrane (activation of the liposome) and k n is the rate constant for the actual attachment or "docking" of the liposome on the surface. Formally, Scheme I is identical to the mechanism for electrochemical nucleation after activation of latent active sites described by Milchev [23, 30, 31] , and is therefore referred to as the "nucleation model".
A general solution for the number of observed adhesion-spreading events is obtained by combining the kinetic equations derived from Scheme I with the equations decribing the mass transport from the bulk to the mercury surface. The obtained expression is given by [29] :
where A SMDE is the surface area of the mercury electrode, C lip is the bulk concentration of liposomes, D is the diffusion coefficient of the liposomes, erf is the error function and A 1 , A 2 , A 3 , k o1 and k o2 are parameters derived from the activation, deactivation, and docking/nucleation rate constants. Eq. 1 successfully predicts the average number of adhesion-spreading events obtained after a certain time, as shown in Fig. 3 . Further extrapolating the vast knowledge on metal nucleation to the realm of liposome adhesion and spreading on mercury, several features of the latter were discovered. For example, it was found that the temporal distribution of the recorded adhesion-spreading events follow the same trend than that of the formation of metal nuclei on electrodes. Both processes are stochastic in nature and the distribution of the number of events recorded at a certain time is described by the Poisson distribution (Fig. 4) [32] . From the chronoamperometric experiments, it was first proposed that the random appearance of inverted lipid molecules (with their lipophilic tail pointing towards the aqueous environment)
was the origin of the stochastic nature of the nucleation-like features of liposome adhesion and spreading on mercury electrodes. These inverted lipid molecules would form the "active sites" described in the nucleation model. As will be discussed in following sections, the proposed active sites in liposomes affect important fundamental properties of lipid membranes, and may help to explain contradictory data found in the literature.
Non-electrochemical studies: Activation-
deactivation as an intrinsic, fundamental process in lipid membranes.
Adhesion and spreading of liposomes on hydrophobic nanoparticles.
The fact that, according to the electrochemical experiments described above, the adhesion-spreading of liposomes on mercury was enhanced when the charge surface density on the electrode was relatively high, suggested that the electric field acting on the lipid membrane was responsible for the formation of active sites on the liposomes [29] . However, adhesion-spreading of liposomes on mercury surfaces has been recorded also at the point of zero charge [33] .
According to the nucleation model, this observation imply that the activation of 
which is in principle the same reaction mechanism as the one shown in Scheme I.
The difference is the inclusion of an additional step (going from N to L f ) which represents the transition from an adhered ("nucleated") liposome (N) to an spread lipid monolayer (L f ) (Fig. 5 ). In the case of the adhesion and spreading on mercury (Scheme I), this last step is much faster than the preceeding ones, and is therefore practically simultaneous to the nucleation step. However, in the case of adhesion and spreading on nanoparticles, DLS and Cryo-TEM clearly demonstrated that N has a very long lifetime, in the span of a few hours, and its transformation into a supported lipid monolayer should therefore be considered in the kinetic analysis. Remarkably, when the experiment was performed with POPC liposomes in the liquid crystalline phase state, very large (sometimes visible to the naked eye) particle-liposome clusters appeared and the release of CF was prevented, more likely because intact liposomes were captured within large particle clusters (Fig. 6 ). This was explained considering that liquid crystalline liposomes may present more than one active site at once, due to the highly dynamic nature of their lipid membrane. Therefore, the attachment to more than one particle is likely to occur, thus preventing rupture and spreading.
As shown above, the fusion of DPPC liposomes with polystyrene nanoparticles is formally preceeded by an activation-deactivation process equivalent to the one observed for adhesion-spreading in mercury. However, the determined time Experiments with liposomes of different ages (measured from the time at which the preparation was ready) showed that freshly prepared liposomes leaked much faster than liposomes which had been incubated for 24 hours, even though the time constants describing the observations remained basically unchanged. The changes were reflected in the initial conditions of the experiment, suggesting that the relative proportions of L i and L a change overtime until the equilibrium is reached. It was also observed that liposome suspensions that leaked faster also reacted more readily with polystyrene nanoparticles, supporting thus the assumption that the same activation-deactivation process is involved in both processes. The values for k L1 for DPPC and POPC liposomes were very close to zero, implying that most of the leakage of the CF occurs through the active sites.
Discrepancies in the literature as those mentioned above (references [35-37]) could have arisen because the age of the liposomes employed was not considered.
Usually, this is a parameter not controlled or omitted in most reports. The findings by Agmo Hernández et al. have shown that it may play a very important role in determining the rates of spontaneous leakage of hydrophilic compounds [34] .
The fact that the active sites provide with affinity for hydrophobic surfaces and are responsible for the permeability towards water soluble molecules, suggest that these sites may be formed by hydrophobic patches on the membrane surface.
In agreement with what was proposed for the active sites formed prior to the adhesion and spreading on mercury electrodes, it is likely that lipid molecules partially turned around may constitute the core of the active site. Therefore, the active sites have also been termed "hydrophobic defects" or "hydrophobic active sites". Recent molecular dynamic simulations have in fact shown that, at a certain given time, a large proportion of the surface area of a liposome is actually hydrophobic [38, 39] . One can speculate that the short-lived hydrophobic patches described in these publications may in some cases join with others, growing in size and increasing their stability and life-span, resulting in an hydrophobic active site as the ones suggested by the experiments by Agmo Hernández et al.
General conclusions and future directions
The most interesting conclusion obtained from this series of experiments is that undisturbed liposomes in suspension form a heterogeneous mixture of active and inactive vesicles. Furthermore, the two populations are not independent, but are found in dynamic equilibrium, meaning that it is virtually imposible to get a long- The idea of translating the knowledge of metal nucleation to the study of liposome membranes has resulted in a completely new research direction. In the short period of time elapsed since the analogies between the two systems were first pointed out [32, 29] , the application of the nucleation model to study the behavior of liposomes has provided with new insights into the dynamics at molecular level of these interesting structures. Even though the actual formation of active sites remains to be demonstrated, the evidence gathered so far has convincingly show that the model can be used to describe the experimental observations accurately.
This new area of study is the center of several on-going projects and, as the knowledge and challenges increase, the involvement of more researchers is expected. The author hopes that, in the future, this approach will help to unravel some more unique properties of lipid membranes. 
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